A new precise current mode bandgap voltage reference with TlnT compensation of non-linear temperature is proposed. By using the voltage difference of two transistors working in different current states, the nonlinear compensation term of TlnT is generated. At the same time, the optimal high-precision reference voltage source is obtained by using the method of piecewise compensation. This design with 0.18 µm CMOS process is achieved an ultra-low temperature coefficient (TC) of 0.918 ppm/°C from −40°C to 125°C. The minimum required supply voltage is 1.8 V and the current consumption is 23 µA at 25°C. And the line regulation performance is 0.0055%/V at 25°C with a supply voltage range of 1.8 V to 3.6 V.
Introduction
Bandgap voltage reference is an important basic circuit module in analog and mixed single integrated circuits. It is widely used in DC-DC, DAC, ADC, LDO, PLL and other circuits [1, 2, 3, 4] . The performance of the Bandgap voltage reference is an important indicator of the overall performance. The deviation of the reference will verify that the linearity and accuracy of the chip will be affected to some extent by the influence of other circuits. So, in order to meet the urgent need of the system for high-precision reference voltage source, the research of high-precision bandgap voltage reference with curvature compensation is of great significance.
However, the temperature coefficient of the traditional bandgap voltage reference, which mostly uses first-order compensation technique, is limited by the nonlinear component. To solve this problem, several high-order temperature compensation techniques have been developed. In the papers [5, 6, 7, 8, 9, 10, 11] , the new proposed realization of a voltage reference uses a gate-source voltage of a MOS transistor working in sub threshold region, but its temperature coefficient will deviate greatly with the process. According to papers [12, 13, 14, 15] , the resistances with different temperature coefficients are used to generate voltage for temperature correction. The disadvantage is that the stability of the process is poor. Two bandgap cores based on parasitic PNP transistors and NPN transistors are used in papers [16, 17] , but it is incompatible with standard CMOS process. The piecewise compensation technique used in papers [18, 19, 20, 21, 22, 23, 24] eliminates the non-linearity. The disadvantage is that the circuit is not only complex in structure, but also has some influence on the circuit due to the large current. The exponential curvature compensation method in papers [25, 26, 27] need to use the transistor current gain. Because the gain is a function of temperature, the stability of the circuit becomes worse and the layout area is larger. In the paper [28] , the CTAT current without thermal nonlinearity is used to compensate a PTAT current to obtain the temperature-independent bandgap reference voltage. Its disadvantages are the large static current and the large layout with resistors.
In this paper, the nonlinear compensation term of TlnT is generated by using the voltage difference of two transistors working in different current states. At the same time, the PTAT, CTAT and TlnT current is proportionally combined by the method of piecewise compensation to obtain a high accurate bandgap voltage reference with the optimal temperature coefficient.
Proposed design
The working principle of bandgap voltage reference is to use negative temperature coefficient of triode's VBE and positive temperature coefficient of ΔVBE to get a zero temperature coefficient output voltage by adding appropriate weights. However, due to the existence of non-linear temperature coefficient in VBE, the first-order temperature compensation can not eliminate the influence of temperature very well. In this paper, a new type of non-linear temperature with TlnT compensation circuit is proposed. Its working principle is shown in Fig. 1 . The voltage difference of TlnT temperature coefficient is obtained at both ends of resistor R1, showed in formula (1) as below.
The emitter current of Q1 is the PTAT current. According to previous researches [29, 30] , the A-point voltage is obtained as follow (2)
V BG is the silicon bandgap voltage extrapolated to 0 K, V DQ1 ðT 0 Þ is the voltage of diode when the temperature of Q1 transistor is T 0 , T is the temperature, T 0 is the reference temperature of 273 K. And k is the Boltzmann constant, q is the electron charge. According to literature reports [29, 30] , when emitter current is proportional to temperature (PTAT), α is equal to 1; when emitter current is impendent of temperature, α is equal to 0. According to Fig. 1 , voltage of point A is the same as point B. So point A is a VBE voltage with PTAT current, and point C is a VBE voltage with temperature independent current. Formula (3) can be obtained by subtracting the voltage at point A to point C.
V DQ1 ðT 0 Þ is the voltage of diode when the temperature of Q1 transistor is T 0 , V DQ2 ðT 0 Þ is the voltage of diode when the temperature of Q2 transistor is T 0 . It can be seen from formula (3) that the voltage difference of V AC includes a first-order term which varies with temperature and a nonlinear term whose temperature coefficient is TlnT. In this paper, the nonlinear term of TlnT is used to eliminate the non-linear term change of VBE in the first-order temperature compensation. Fig. 2 is a schematic diagram of using PTAT current and constant current to generate the current with temperature coefficient of TlnT.
The proposed bandgap voltage reference circuit is shown in Fig. 3 . OP3 forces its input D and E point voltages to be equal, so that Q3, Q4, MP1, MP2, MP11, MP12, R1 and OP3 generate the PTAT current, as shown in formula (4) .
OP2 forces the input D and F point voltages to be equal. Because the temperature coefficients of F point are the same as that of D point, and they are all negative temperature coefficients. Thus Q4, R2, OP2, MP3, MP13 generates the CTAT current, as shown in formula (5) .
V DQ4 ðT 0 Þ is the voltage of diode when the temperature of Q4 transistor is T 0 .
In the core circuit of TlnT compensation current generation, the emitter current of Q4 is PTAT current, and the emitter current of Q3 is constant current which generated by PTAT and CTAT currents. If the voltage of point A is greater than C, Q1, Q2, MP4, MP5, MP6, MP7, R3 and OP3 generate the TlnT current as below (6) .
V DQ1 ðT 0 Þ is the voltage of diode when the temperature of Q1 transistor is T 0 , and V DQ2 ðT 0 Þ is the voltage of diode when the temperature of Q2 transistor is T 0 . If the voltage of point A is less than C, the TlnT current is equal to 0 as shown in formula (7) .
The output reference voltage (VREF) in Fig. 3 can be expressed as formula (8):
After introducing formula (4) (5) (6) (7) into formula (8), the formula (9) can be obtained. Formula (9) is sorted out, the first-order term and the non-linear term related to temperature are removed, and the output reference voltage independent of temperature 
is obtained, as shown in formula (10) .
By setting the resistors of R1, R2, R3, R4, R5 and R6 reasonably, the error caused by the non-linear term can be eliminated by using the TlnT current, and an ideal bandgap voltage reference independent of temperature can be obtained.
Simulation results and discussion
The bandgap voltage reference circuit proposed in this paper is designed with 0.18 µm CMOS process, and its simulation results and performance are shown in this section. Fig. 4 is a comparison between the reference voltage reference (VREF) without TlnT compensation and the reference voltage with TlnT compensation. The average VREF with TlnT compensation is 973.97 mV, the peak to peak value is 147.521 µV, and the variation of temperature coefficient is 0.918 ppm/°C from −40°C to 125°C. The average VREF without TlnT compensation is 972.796 mV, and the peak value is 0.918 ppm/°C. The value is 3.307 mV and the variation of temperature coefficient is 20.602 ppm/°C from −40°C to 125°C. It can be seen that the bandgap voltage reference with TNT compensation structure has excellent temperature coefficient. In Fig. 7 , the VREF varies with the voltage at different temperatures, under the power supply voltage varying from 1.8 V to 3.6 V. Over a supply voltage range of 1.8 V to 2.5 V, the line regulation is 0.0066%/V, 0.0057%/V, 0.0055%/V, and 0.0057%/V, respectively, at −40°C, 25°C, 85°C, and 125°C. Fig. 8 shows the VREF distribution obtained from 500 Monte Carlo analyses, with an average of 973.925 mV and a standard deviation of 1.31263 mV. Fig. 9 is the distribution of temperature coefficient obtained by 500 Monte Carlo analyses with an average of 1.75068 mV. The layout Fig. 3 . Proposed circuit of the bandgap voltage reference IEICE Electronics Express, Vol. 16, No.23, [1] [2] [3] [4] [5] of the design using a 0.18 µm standard CMOS process is shown in Fig. 10 and the active area is approximately 0.024 mm 2 (102 m Â 238 m). Table I is a comparison of the performance of bandgap voltage reference mentioned in different literatures. According to the comparison, the proposed bandgap voltage reference has great advantages in TC, line regulation and layout area.
Conclusion
A novel TlnT compensation method is used to eliminate the nonlinearity of the high precision bandgap voltage refer- ence designed in this paper. The design is based on 0.18 µm CMOS process. The ultra-low temperature coefficient is achieved with 0.918 ppm/°C from −40°C to 125°C. Its minimum operating voltage is 1.8 V, and its static current consumption is 23 µA at 25°C. Under the condition that the power supply voltage changes from 1.8 V to 3.6 V, its line regulation is only 0.0055%/V. The results show that the circuit is very suitable for high precision, low voltage and small area use.
